Background {#Sec1}
==========

Silver and silver compounds are known as strong antibacterial agents and have been used in various medical applications since ancient times. Marion Sims and Carl Siegmund Franz Crede used silver for the treatment of vesicovaginal fistulas by silver suture and prevented gonorrheal ophthalmia in newborn infants by silver nitrate solution, respectively \[[@CR1]\]. After the discovery of antibiotics, the use of silver has lost its popularity. However, in the last few decades, researchers have started looking for new antibacterial agents due to multidrug-resistant bacteria, which is one of the biggest problems of antibiotic use. With recent advances in researches, nanotechnology has gained superior attention in antimicrobial properties of silver by using silver in the form of nanoparticles \[[@CR2]--[@CR4]\]. Nanoparticles are clusters of atoms in the size range of 1--100 nm and have outstanding chemical, optical, and mechanical features \[[@CR5]\]. Currently, nanosilver particles have been applied to a wide range of health-care products, such as burn dressings, water purification systems, and dental and medical devices \[[@CR6]--[@CR15]\].

Irreversible, unhealthy and unaesthetic enamel demineralization (WSL) is the most common side effect of fixed orthodontic treatment. The nanoparticles show efficient antimicrobial properties due to their extremely large surface area, which provides better contact with microorganisms. Researchers reported that orthodontic brackets coated with nanoparticles or combining dental material with nanoparticles show antibacterial and anti-adhesive properties against normal oral pathogenic bacteria \[[@CR15], [@CR16]\].

The purpose of orthodontic treatment with fixed appliances is to improve function and esthetics. Although direct bonding, orthodontic attachments are excellent devices, their most common side effect is white spot lesion during treatment due to the failure of cleaning the teeth properly. Shortly after the start of the treatment, bacterial plaque comprising *Streptococcus mutans* may rapidly accumulate around the brackets and orthodontic bands \[[@CR17]--[@CR20]\].

Nanosilver particles of which antibacterial and antifungal properties have been shown in various in vitro and in vivo studies are used in many medical and dental fields in order to prevent infection \[[@CR8], [@CR13], [@CR21]--[@CR23]\]. Nanosilver biocompatibility is a controversial issue. There are many in vitro studies which show nanosilver particles to be toxic \[[@CR24], [@CR25]\] or nontoxic \[[@CR26]--[@CR28]\]. Cytotoxicity tests of medical materials prepared with the addition of nanosilver particles showed them as nontoxic \[[@CR21]--[@CR23], [@CR29], [@CR30]\]. Biocompatibility of a new material and medical devices must be analyzed before their use in humans. There are many test methods for the assessment of biocompatibility, and they can be divided into three categories: in vitro, animals, and usage test. Implantation tests involve animal tests and biocompatibility of new materials or medical device evaluation based on whether they contact with the bone or subcutaneous tissue.

The aim of the present study was to evaluate the biocompatibility of nanosilver-coated brackets, which can be used in the human teeth for the reduction of the areas of tooth decay and demineralization during orthodontic treatment with the advantages of the antibacterial properties of nanosilver, and thus to create a new type of bracket in the field of orthodontics.

Methods {#Sec2}
=======

All experiments were approved by the Animal Experimentation Committee at Gazi University (research project number: G.Ü.ET-12.015) and conformed to the ARRIVE guidelines for animal research \[[@CR31]\] and Rules for Animal Experiments of Gazi University. The sample size (*n* = 6) per group was determined depending on the decision of the ethics committee. All animal experiments were performed by one researcher (GMG) who had a certificate according to the guidelines for the proper conduct of animal experiments. The rats were kept under an artificial 12-h light/darkness cycle. Lights were turned on at 7 a.m. and off at 7 p.m. Room temperature varied between 22 and 24 °C, and appropriate room ventilation was maintained. Histological analyses were performed at Gazi University, Faculty of Dentistry, Department of Oral Pathology.

Coating procedure {#Sec3}
-----------------

Mandibular premolar orthodontic brackets (Gemini Roth; 3M Unitek, Monrovia, CA, USA) were used in this study. All brackets were cleaned sonically with alcohol for 15 min. The coating for brackets was manufactured using a PVD system type (Midas Thermal Evaporator, Vaksis, Ankara, Turkey). Brackets were placed to substrate the e-beam evaporator device by banding base. Electron beam evaporation method was performed at \<2 × 10^−6^ Torr vacuum pressure with oil-free pumping for 8 h, and brackets were coated to 1 μ thickness by nanosilver particles.

Implantation procedure {#Sec4}
----------------------

A total of 12 healthy female Sprague Dawley rats (mean age and weight 120 days and 200 g) were randomly divided into the study (*n* = 6) and control (*n* = 6) groups. The animals were kept in plastic cages, three animals per cage, with access to food and water ad libitum. After the rats were anesthetized, the dorsal skin was shaved and disinfected. Four different points with the maximum interspace (60 mm) were selected on the back of the rats, and incisions of 5--7 mm long were made with surgical scissors on the dorsum of each rat. For the study and control groups, four nanosilver-coated and four standard brackets were aseptically implanted subcutaneously in the dorsal region of each rat, respectively (Fig. [1](#Fig1){ref-type="fig"}). The skin was sutured by only one stitch.Fig. 1Implantation procedure

Collection of the sample {#Sec5}
------------------------

On days 7, 14, 30, and 60, one implanted bracket and the associated skin and connective tissues were excised from deeply anesthetized rats, and then wounds were resutured (Fig. [2](#Fig2){ref-type="fig"}). Samples were immediately fixed in 10 % neutral-buffered formalin. On day 60, all rats were sacrificed by overdose anesthetic solution. The specimens were evaluated for inflammatory response and foreign body reaction.Fig. 2Procedure of taking samples

Histological evaluation {#Sec6}
-----------------------

After the histologic processing, the tissue was serially sectioned longitudinally with a microtome (Leica SM-2000R, Leica Corp., Germany) set at 5--6 μm. The samples were stained with hematoxylin-eosin for histological evaluation using Unna's method for the evaluation of mast cells. Histological evaluations were made under a light microscope (Nikon Eclipse E-600, Nikon Corp., Japan) at ×40, ×100, ×200, and ×400 magnification. The observer was blinded to the procedure. Evaluation of inflammatory cell and mast cell infiltration was performed according to a previous study \[[@CR32]\].

The scoring of the inflammatory cell infiltration is as follows:0 = An absence of inflammatory cells1 = Mild; an average of fewer than 25 inflammatory cells2 = Moderate; an average of 25--124 inflammatory cells3 = Severe; an average of 125 or more inflammatory cells

Statistical analysis {#Sec7}
--------------------

The statistical significance was determined using the SPSS 20.0 software for Windows (SPSS Inc., Chicago, IL, USA) for mast cell counts. Differences between the study and control groups were tested by the Mann--Whitney *U* test. Values were considered statistically significant at *p* \< 0.05.

Results {#Sec8}
=======

After the implantation of the brackets, the animals displayed no behavioral or weight changes or mortality.

Histological evaluation on day 7 {#Sec9}
--------------------------------

Samples had similar inflammatory reaction in the study and the control groups. In both groups, the incision area was observed to start from the dermis and to extend under the muscle tissue. Exudates including the fibrin and neutrophils were observed on the surface where the epithelial area is damaged. Granulation tissue with rich inflammatory cells, lymphocytes, plasma cells, and the proliferation of the capillary were observed in this area adjacent to the brackets. The brackets were surrounded by exudates and fibrin with hyaline, amorphous structures (Fig. [3a](#Fig3){ref-type="fig"}).Fig. 3**a** The sample of the control group at day 7. **b** The sample of the study group at day 7, brown-black granules (*encircled*) (H&E; **a**, **b** ×200)

The inflammatory score was found as 3 for both groups.

Unlike the control group, in the study group, foreign particles which are brown-black granules were found to be randomly distributed in the granulation tissue adjacent to the bracket. Besides, accumulations of the foreign particles were observed in the study group along the borders of the bracket space (Fig. [3b](#Fig3){ref-type="fig"}).

Mast cell count was found statistically lower in the study group than in the control group on day 7 (Fig. [4](#Fig4){ref-type="fig"}) (Table [1](#Tab1){ref-type="table"}).Fig 4**a** Mast cells of the control group at day 7 (Dominici ×400). **b** Mast cells of the study group at day 7 (Dominici ×200) Table 1Statistical comparison of groups for mast cell countsDaysGroupsMast cell countsMann--Whitney *U* test95 % confidence interval for mean*n*Mean ± SDMed.Min./max.Mean rank*Up*Lower boundUpper bound7Study66.50 ± 4.096.501.0/11.03.832.000.009\*2.210.8Control623.83 ± 12.2421.008.0/45.09.1711.036.8Sum1215.17 ± 12.5511.001.0/45.012.833.614Study623.17 ± 9.9120.0014.0/37.07.929.500.1808.122.2Control615.17 ± 6.7414.508.0/27.05.0817.87631.457Sum1219.17 ± 9.0916.008.0/37.013.931.430Study624.67 ± 6.4725.5017.0/31.07.0814.500.58913.88720.113Control622.67 ± 8.3621.5013.0/37.05.927.325.3Sum1223.67 ± 7.2022.5013.0/37.02.210.860Study617.00 ± 2.9717.5013.0/20.07.7510.500.24011.036.8Control616.33 ± 8.5713.5010.0/33.05.2512.833.6Sum1216.67 ± 6.1216.0010.0/33.08.122.2\**p*\<0.05

Histological evaluation on day 14 {#Sec10}
---------------------------------

In all samples in both groups, the incision area was covered with epithelium and improved with fibrous connective tissue including large nucleus active fibroblasts, few inflammatory cells, and large and small capillaries in the section between the epithelium and the bracket (Fig. [5a](#Fig5){ref-type="fig"}). It was observed that the intensity of the inflammation on day 17 was less compared to the sample obtained on day 7.Fig. 5**a** The sample of the control group at day 14. **b** The sample of the study group at day 14 , brown-black granules (*encircled*) (H&E; **a**, **b** ×200)

The inflammatory score on day 14 was found as 1.3 for the study and 1.5 for the control group.

Unlike the control group, the foreign particles which are brown-black granules were found to be randomly distributed in the granulation tissue adjacent to the bracket in the study group. It was also observed that the accumulations of foreign particles were present throughout the bracket space (Fig. [5b](#Fig5){ref-type="fig"}).

Mast cell counts were not significantly different between the study group and the control group on day 14.

Histological evaluation on day 30 {#Sec11}
---------------------------------

In the control group, the incision area was completely closed with epithelium and filled with the connective tissue. In general, a thin fibrous band and collagen connective tissue were observed around the bracket. Mild inflammatory cell infiltration was found in the area under the fibrous band. Unlike the study group, in the control group, a giant cell was observed around the bracket of a sample and eosinophil associated with inflammatory infiltration was seen in another sample (Fig. [6a](#Fig6){ref-type="fig"}).Fig. 6**a** The sample of the control group at day 30, Giant cell (*black encircled*) (H&E; ×200), Eosinophil (*blue encircled*) (H&E, ×400). **b** The sample of the study group at day 30 , brown-black granules (*red encircled*) (H&E; ×200)

The inflammatory score was found as 1.5 in the control group.

In the study group, the incision area was completely closed with epithelium and filled with the connective tissue. A collagenase thin fibrous band of the connective tissue with foreign particles was observed in the areas adjacent to the bracket. Connective tissues adjacent to the fibrous band were found to be a collagenase structure and including moderate inflammatory cells. Accumulations of foreign particles were found around the vessel wall (Fig. [6b](#Fig6){ref-type="fig"}).

The inflammatory score was found to be 0.8 in the study group.

Mast cell counts were not significantly different between the study group and the control group on day 30.

Histological evaluation on day 60 {#Sec12}
---------------------------------

In both groups, the connective tissue showed no inflammatory reaction. The tissue incision line including the skin layer showed improvement with a morphology similar to that of a healthy tissue. A fibrous band with a few parallel collagen fibers was seen adjacent to the bracket space (Fig. [7a](#Fig7){ref-type="fig"}).Fig. 7**a** The sample of the control group at day 60 (H&E, ×40). **b** The sample of the study group at day 60 (H&E; ×40)

The inflammatory score was found as 0 in both groups.

In the study group, foreign particles were observed throughout the bracket space (Fig. [7a](#Fig7){ref-type="fig"}).

Mast cell counts were not significantly different between the study group and the control group on day 60.

Discussion {#Sec13}
==========

Biocompatibility test is defined as the ability to create a biological response. Whether an object creates any harmful effects on the body tissues is determined via biocompatibility tests. Most of the materials in contact with the oral tissue, such as the amalgam, are analyzed for biocompatibility by subcutaneous implantation tests. The most commonly used animals in implantation test are mice, rats, rabbits, and guinea pigs \[[@CR33], [@CR34]\].

In the present study, the biocompatibility of the nanosilver-coated orthodontic bracket was evaluated by subcutaneous implantation tests since this newly designed orthodontic bracket will be in contact with or placed near the gingiva and oral epithelium during orthodontic treatment. The sample size in animal studies of nanosilver cytotoxicity per group varies considerably in literature \[[@CR35], [@CR36]\]. Proper experimental design and statistical analysis of the proposed research project allows the optimum number of animals to be used. Reduction is a rule of the guiding principles underpinning the humane use of animals in scientific research (the three Rs).

In the present study, sample size was calculated by considering a mean difference of mast cell counts between the study group and the control group. With a one-sided significance level of 0.05 and a power of 92 %, a minimum of six animals per group were required. Besides, the value *E* should lie within 10 to 20 for optimum sample size. If a value of *E* is less than ten, then more animals should be included, and if it is more than 20, then the sample size should be decreased (*E* = Total number of animals − Total number of groups) (for the present study, *E* = 12 − 2 = 10) \[[@CR37]\]. Although the sample size seems the most important limitation of this study, power analysis and the value *E* support the sample size which is appropriate according to the three Rs.

While the biocompatibility of nanosilver has been shown in many in vitro studies \[[@CR21], [@CR26], [@CR28]\], there is only one in vivo study present in the literature \[[@CR35]\]. In that study, researchers found that intramuscular implantation of nanosilver and microsilver particles caused serious inflammation reaction and granuloma.

In the present study, the inflammation score was found to be lower compared to the findings of Chen et al. \[[@CR35]\]. In the study group of the present study, no symptoms of acute inflammation were observed on day 7 or at the end of the study on day 60, and no granuloma or necrosis was seen during the study. These differing results seem to be related with the different implantation techniques and the areas of application.

In studies in which nanosilver particles were inhaled or exposed by oral administration, no serious side effects on rats \[[@CR36], [@CR38]\] were stated.

Macrophages, which comprise 7 % of white blood cells, are formed through the differentiation of monocytes, one of the major components of the immune system. Macrophages provide a defense in protecting the host from damage or infection, and they remove necrosis. In short-term acute inflammation, if the irritants perish from the environment, the macrophages rapidly disappear. In chronic inflammation, macrophage accumulation is continuous. Eosinophil granulocyte and neutrophils also differentiate from white blood cells. Neutrophils are one of the first responders of inflammatory cells to migrate toward the site of inflammation in 6--24 h and return to monocytes within 24--48 h. Eosinophil granulocytes are involved in hypersensitivity reactions and viral infections \[[@CR39], [@CR40]\].

In the present study, neutrophils were not seen, except in the area close to the surface epithelium in both groups on day 7. These findings may be an indicator that acute inflammation did not continue till day 7. However, eosinophil granulocytes and giant cells derived from macrophages were observed only in the control group on day 30. These results may indicate that mild symptoms of chronic inflammation and foreign body reaction continued in the control group on day 30.

Therefore, we suggest that nanosilver-coated orthodontic brackets have better tissue compatibility features than standard orthodontic brackets. Mast cell counts, which were found significantly lower in the study group, support these findings.

Currently, nanosilver containing wound dressings with antibacterial properties are used in treatment of burns \[[@CR7], [@CR12], [@CR13]\]. These nanosilver dressings have superior features compared to the silver sulfadiazine (SSD) dressings in terms of antibacterial properties, wound healing, shortened time of wound clearing and epithelization, and painless dressing change \[[@CR7]\]. These studies noted that nanosilver-containing wound dressings are used safely and highly efficiently for burn patients and they do not show any toxicological side effects. The most common side effects of silver is argyria, and its symptoms are pigmentation in the eyes, face, and skin \[[@CR41]\].

In this study, four nanosilver-coated orthodontic brackets were inserted in the dorsal region of each rat in the study group. As a result of our clinical observations, differences considered to be symptoms of argyria were observed in none of the animals. A previous study showed that nanosilver-coated orthodontic brackets prevent caries formation via its antibacterial properties \[[@CR16]\]. The present study suggests, with the support of other previous studies, that nanosilver-coated orthodontic brackets have no disadvantage in terms of biocompatibility, and also it can be useful during fixed orthodontic treatment.

Conclusions {#Sec14}
===========

Nanosilver-coated orthodontic brackets were found to have similar properties with the standard type orthodontic bracket in terms of tissue reaction. The nanosilver-coated orthodontic bracket can be a new type of bracket in the field of orthodontics for use in human teeth for the reduction of the areas of tooth decay and demineralization during orthodontic treatment with the advantages of the antibacterial properties of nanosilver. However, the nanosilver-coated orthodontic bracket can be utilized during fixed orthodontic treatment with caution, because the foreign particles which are brown-black granules were found to be randomly distributed in the granulation tissue adjacent to the bracket in the study group. Before the use in humans, further researches are needed with regard to brown-black granules, especially on focusing their deposition of the vessel walls.
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